In the developing brain, initial neuronal projections are formed through extensive growth and branching of developing axons, but many branches are later pruned to sculpt the mature pattern of connections. Despite its widespread occurrence, the mechanisms controlling pruning remain incompletely characterized. Based on pharmacological and biochemical analysis in vitro and initial genetic analysis in vivo, prior studies implicated a pathway involving binding of the Amyloid Precursor Protein (APP) to Death Receptor 6 (DR6) and activation of a downstream caspase cascade in axonal pruning. Here, we further test their involvement in pruning in vivo and their mechanism of action through extensive genetic and biochemical analysis. Genetic deletion of DR6 was previously shown to impair pruning of retinal axons in vivo. We show that genetic deletion of APP similarly impairs pruning of retinal axons in vivo and provide evidence that APP and DR6 act cell autonomously and in the same pathway to control pruning. Prior analysis had suggested that ␤-secretase cleavage of APP and binding of an N-terminal fragment of APP to DR6 is required for their actions, but further genetic and biochemical analysis reveals that ␤-secretase activity is not required and that high-affinity binding to DR6 requires a more C-terminal portion of the APP ectodomain. These results provide direct support for the model that APP and DR6 function cell autonomously and in the same pathway to control pruning in vivo and raise the possibility of alternate mechanisms for how APP and DR6 control pruning.
Introduction
Neuronal circuit development involves a generative phase, in which newly born neurons send out axons that branch and innervate synaptic partners, and a regressive phase, in which many branches are pruned back and some neurons die to sculpt the final pattern of connections. Axon pruning can be triggered by pruning inducers such as semaphorins and/or by competition for limiting amounts of trophic factors (Luo and O'Leary, 2005) . In vitro, trophically deprived axons degenerate through activation of a caspase-dependent pathway, which also contributes to pruning in vivo (Nikolaev et al., 2009; Schoenmann et al., 2010; Vohra et al., 2010; Simon et al., 2012) , but the mechanisms that lead to caspase activation remain incompletely characterized.
A prior study implicated APP and DR6 (also known as TNFRSF21) in axon degeneration after trophic deprivation (Nikolaev et al., 2009) . In vitro, manipulations to interfere with DR6 and APP (using antibodies, siRNA knock down, and, in the case of DR6, genetic inactivation) partially protected axons from degeneration after trophic deprivation and the DR6 ectodomain was shown to bind APP, suggesting that both proteins function in a common pruning pathway. In vivo, genetic deletion of DR6 in mice impaired stereotyped pruning of retinal ganglion cell (RGC) axons (Nikolaev et al., 2009 ) and pruning of axons of excitatory and inhibitory cortical neurons triggered by sensory deprivation (Marik et al., 2013) . These studies are consistent with the involvement of DR6 in pruning in vivo, but both relied on DR6-null mice, so it cannot be excluded that DR6 functioned in the environment rather than degenerating axons themselves. Further, it was not determined whether APP is also required for axon pruning in vivo.
Here, we used RGC axons in vivo as a model to test whether genetic deletion of APP also impairs pruning and shRNA knock down to determine whether DR6 and APP function in retinal cells to regulate pruning. We also sought a genetic test of whether APP and DR6 function in the same pathway. Our results are consistent with cell-autonomous involvement of both proteins in the same pathway in pruning in vivo.
Initial biochemical and pharmacological analysis had also suggested a model in which trophic deprivation leads to ␤-secretase cleavage of APP, followed by a second cleavage to release an N-terminal fragment of APP, which bound DR6 to trigger degeneration (Nikolaev et al., 2009) . We therefore tested the involvement of ␤-secretase (BACE1) in pruning in vivo. Unexpectedly, we found that RGC axon pruning was not impaired in Bace1 mutant mice. Further genetic and biochemical analysis in vitro revealed that prior analysis was affected by off-target activities of several pharmacological reagents and supported the conclusion from in vivo analysis that ␤-secretase is not required for axon degeneration after trophic deprivation. It also revealed that high-affinity interaction of APP and DR6 requires the more C-terminal E2 domain of APP.
Together, these results support the model that APP and DR6 function cell autonomously and in the same pathway in axon pruning in vivo and raise the possibility of alternate models for the mechanism through which they control degeneration.
Materials and Methods

Generation of shRNA expression constructs targeting knock down of DR6
and APP and assessment of axon pruning of RGCs labeled in utero. shRNAmediated knock down of DR6 was achieved from a CAGGs-based expression plasmid (Gray et al., 2006) containing the cDNA encoding mCherry (Shaner et al., 2004 ) and a DR6-targeting sequence (5Ј AAT CCA AGC AGG AGA AGA GAG GTT TTG GCC ACT GAC TGA CCT CTC TTC CTG CTT GGA TT) embedded into the 3ЈUTR flanked by mir155 sequence, which mediates efficient processing of hairpin RNA (Shan et al., 2009) . Similarly, shRNA knock down of murine APP was achieved by replacing the DR6 shRNA-related sequence with one targeting APP (5Ј TTG AGT TTA CCA CAG AAC ATG GTT TTG GCC ACT GAC TGA CCA TGT TCT GGT AAA CTC AA). shRNA-mediated knock down of murine DR6 and APP was confirmed via Western blot analysis using anti-GFP antibody (Aves Labs) or anti-APP antibody Y188 (Abcam) of lysates from HEK cells that coexpressed murine DR6 fused to GFP or murine APP and the corresponding shRNA. To assess axon pruning in vivo, plasmids were introduced into central RGCs by in utero electroporation at embryonic day 13.5 (E13.5; Garcia-Frigola et al., 2007) , and axon pruning scored at postnatal day 6 (P6), as described previously (Simon et al., 2012) . Error bars in the figures depict SEM.
Sensory neuron cultures. E13.5 dorsal root ganglia (DRG) explants were cultured as described previously (Nikolaev et al., 2009; Simon et al., 2012) . For all experiments, DRGs from mutant embryos were compared with DRGs from littermate controls. Briefly, DRGs were plated onto laminin-coated 8-well chamber slides containing Neurobasal/B27, 10 U/ml penicillin, 10 g/ml streptomycin, 292 g/ml L-glutamine, and 25 ng/ml NGF. DRGs were cultured for 7 d and then deprived of NGF by switching to media lacking NGF and containing 25 g/ml anti-NGF antibody. Explants were cultured for an additional 34 -40 h, during which time the cultures were monitored to assess axonal degeneration and then fixed and stained.
To test for prodegenerative effects of ectodomains or ectodomain fragments in such cultures, at the time of NGF deprivation, 10 g/ml sAPP␤-HIS, N-APP-HIS, C-APP-HIS, or DR6-Fc were added. Cultures were examined 30 h later, before significant degeneration in control cultures had occurred, to determine whether the fragments had accelerated degeneration. Two additional degeneration assays were also used. In the first assay, DRG cultures were established in presence of 50 ng/ml NGF, but on the second day, the NGF concentration was reduced to 0.5 ng/ml or 0.1 ng/ml to make the neurons more vulnerable to insult and proteins were added; cultures were scored ϳ84 h later for accelerated degeneration. In the second assay, DRG cultures were established without NGF. In such cultures, TrkA ϩ axons extend robustly but then die progressively over the first 48 -72 h (Z.W., O.O., and M.T.-L., unpublished data). The purified proteins were added at onset of culture and cultures were examined at 26 h to determine whether there was any acceleration of degeneration. No evidence of enhanced degeneration was observed. All three assays were also repeated with alkaline phosphatase (AP) fusions of the three APP fragments, again without evidence of acceleration of degeneration.
Immunocytochemistry. To assess degeneration, DRG cultures were fixed with 4% paraformaldehyde in PBS, rinsed in PBS, and then incubated in blocking solution (PBS containing 5% donkey serum and 0.1% Triton X-100) for 1 h. Cultures were incubated with anti-Tuj1 antibody (1:1000; Covance) overnight at 4°C in blocking solution, then washed in PBS containing 0.1% Triton (3ϫ, 10 min) and incubated with fluorescently conjugated secondary antibody (Alexa Fluor 568, 1:1000) for 1 h at room temperature. Slides were coverslipped and visualized using a fluorescence microscope.
Quantification. Axon degeneration was scored using a visual five-point scale and was performed blind to genotype. Because the precise extent of degeneration varied slightly between experiments, degeneration was always normalized within each experiment to the amount of degeneration observed in control DRGs in that experiment.
Binding assays. AP, polyhistidine (HIS), and Fc fusion proteins were produced in HEK293 cells. Cell-binding experiments were performed as described previously (Nikolaev et al., 2009) . Briefly, supernatants from 293 cells expressing AP fusions were collected and the concentration of the AP-fusion proteins was determined by measuring AP activity. APproteins were then diluted in AP binding buffer (HBSS, 20 mM HEPES, 0.2% BSA, 0.1% NaN 3 , 5 mM CaCl 2 , and 1 mM MgCl2) to 250 nM. Transfected COS cells were then rinsed with AP binding buffer (2ϫ) and incubated with diluted AP-proteins for 2 h on ice. Cells were then rinsed using binding buffer (5ϫ) and fixed (3% paraformaldehyde in PBS) for 12 min at room temperature. After another series of rinses (HBS ϫ 3), endogenous AP activity was quenched by incubating cells in HBS at 65°C for 30 min. Cells were then washed three times in AP buffer containing 100 mM Tris (9.5), 100 mM NaCl, abd 50 mM MgCl 2, and AP-protein binding was observed by incubating cells in developing buffer (AP buffer containing 1:50 dilution NBT/BCIP; Roche) overnight at 4°C.
Proteins used in ELISA assays were purified using standard protocols for affinity purification of HIS-tagged and Fc-tagged proteins. Supernatants from HEK293 cells were incubated with Ni-NTA agarose or protein-A/G Sepharose columns for immobilization of HIS-tagged or Fc-tagged recombinant proteins, respectively. After extensive washes, HIS-tagged and Fc-tagged proteins were eluted from columns using imidazole buffer (200 mM) or low-pH buffer (pH 3.5), respectively. Proteins were then further purified by FPLC using a Superose 6 10/300 GL column (GE Healthcare Life Sciences). These purifications yielded proteins of Ͼ95% purity, as assessed by Coomassie stain. To determine the affinity of binding of the DR6 ectodomain to APP ectodomain fragments, 96-well high-binding ELISA plates (R&D Systems) were coated with 2 g/ml purified sAPP␤-HIS, C-APP-HIS, or N-APP-HIS in PBS overnight at 4°C. Wells were then washed with wash buffer (PBS containing 0.05% Tween 20) three times and then blocked with blocking buffer (PBS containing 1% BSA) for 2 h at room temperature (RT). Serial dilutions for DR6-Fc were prepared in blocking buffer and incubated in wells overnight at 4°C. Plates were then washed with washing buffer (4ϫ) and incubated with anti-human HRP antibody (1:500) in blocking buffer for 2 h at RT. After a final series of washes (4ϫ), wells were incubated with color reagents (R&D Systems) until signal was visible. Reaction was stopped by the addition of stop solution and signal was read at 450 nm in a plate reader (Tecan). Specific binding was determined by subtracting optical density (OD) 450 nm readings from wells in which DR6-Fc was incubated from readings from wells to which BSA had been adsorbed (again, as a 2 g/ml solution). Binding curves were generated by normalizing OD 450 absorbance readings to the greatest signal for each adsorbed protein in a given experiment. Normalized readings were then averaged across experiments.
For immunoprecipitations, Fc proteins from HEK cell supernatants immobilized to protein A/G beads were washed with PBS (3ϫ) and incubated in PBS at 4°C overnight with HIStagged proteins purified by Ni-NTA columns. Beads were washed with PBS (5ϫ) and proteins were eluted in protein sample buffer. Immunoprecipitated complexes were separated by SDS-PAGE and transferred to PVDF membranes for analysis by Western blot. Anti-HIS antibody (1:1000) was incubated in TBS containing 0.1% Tween 20 and 1% BSA overnight at 4°C. HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:10,000 and detected by ECL.
Results
APP regulates RGC axon pruning in vivo
Previously, we showed that DR6 contributes to refining axon projections in the superior colliculus (SC) in vivo. Initially, temporal RGC axons extend into the posterior superior colliculus (PSC), overshooting their final target, the termination zone (TZ) in the anterior SC. By P7, however, exuberant RGC axons in the SC have been refined to the TZ through a selective axon degeneration pruning process (Luo and O'Leary, 2005) . Using DiI tracing of axons, we showed previously that this process is impaired in DR6 knock-out (KO) mice, resulting in a significant number of RGC axons and arbors that persist beyond the TZ at P6, when pruning is almost complete in controls (Nikolaev et al., 2009) .
To determine whether APP plays a similar role in RGC axon pruning in vivo, we performed focal DiI injections limited to the periphery of the temporal retina of P5 APP KO and wild-type littermates and analyzed the retinocollicular projections in the SC at P6. As seen previously, in wild-type mice, DiI-labeled axons show a restricted localization in the TZ at that age, reflecting almost complete pruning (Fig. 1) . In contrast, APP KO animals, like DR6 KOs (Nikolaev et al., 2009) and Caspase3 KOs (Simon et al., 2012) , show a greater number of DiI-labeled RGC axons that persist beyond the TZ at P6 compared with control ( Fig. 1) . This difference was significant, as assessed by quantification of area coverage by DiI-labeled axons in the SC (Fig. 1) , and appeared to be as great or greater than that observed previously in DR6 or Caspase3 KO mice (Nikolaev et al., 2009; Simon et al., 2012) .
Therefore, like DR6, APP regulates pruning of the retinocollicular projection in vivo. Because protection is only partial, there must be additional mechanisms that collaborate with APP to mediate degeneration; one candidate is the close APP relative APLP2, especially because it appears to function redundantly with APP in controlling neuromuscular junction formation (Wang et al., 2005; see Discussion) .
APP and DR6 function cell autonomously in retinal cells to promote axon pruning APP could function in RGCs or in the SC to regulate pruning. To address whether it functions in retinal cells, we used an shRNA directed against APP to knock down expression of APP in retinal cells in wild-type mice. To deliver the shRNA, we used in utero electroporation into the retina. We previously used electroporation of a GFP expression plasmid into the retina to show that retinocollicular pruning of central retinal RGC populations is impaired in Caspase-3 and Caspase-6 KO mice by counting the number of GFP ϩ axons in the PSC (Simon et al., 2012) . In control experiments, an shRNA directed against APP (shAPP) effectively knocked down APP expression in transfected cells, whereas a control plasmid targeting LacZ (shLacZ) had no effect ( Fig. 2A) . Using wild-type E13.5 embryos, the GFP expression plasmid was then coelectroporated in utero with shLacZ or shAPP. The shRNA targeting APP resulted in a significant increase in the number of unpruned GFP-expressing axons persisting beyond the TZ compared with shLacZ ( Fig. 2B-D) . This difference did not result from differences in TZ size between the wild-type and shAPP groups, because normalizing against these variables did not account for it (Fig. 2D ). These data indicate that APP expression in retinal neurons is necessary for normal refinement of RGCs axons in the superior colliculus by P6.
To examine whether DR6 also functions cell autonomously in pruning, we next performed shRNA knock down of DR6 in retinal cells using an shRNA against DR6 (shDR6), which, in control experiments, effectively knocked down DR6 expression in transfected cells (Fig. 3A) . As observed for electroporation with shAPP, coelectroporation of shDR6 along with the GFP expression plasmid into the retina was sufficient to impair axon pruning in the SC, as determined by a greater number of GFP ϩ axons extending into the anterior superior colliculus compared with RGCs electroporated with the nontargeting shLacZ control (Fig.  3B-D) . Again, this difference did not result from differences in TZ size between the wild-type and DR6 KO groups (Fig. 3B) . Together, these data support a model in which DR6 and APP and APP KO (B, C) mice with a focal injection of the lipophilic axon tracer DiI into peripheral temporal retina. A, In WT mice, the DiI-labeled temporal RGC axons form a dense, nearly mature TZ in the topographically appropriate anterior (A, arrowheads) SC. A small number of short, simple axon segments persist just outside of the TZ (arrow) at this stage. B, C, In APP KO mice, the labeled temporal RGC axons form a TZ in the appropriate position and of the appropriate size. However, many long, branched RGC axon segments and remedial arbors persist in ectopic positions far outside the TZ (arrows). D-F, Vibratome sections (100 m sagittal) through the SC of P6 WT (D) and APP KO (E, F ) mice. D, In WT mice, significantly fewer axon segments persist outside of the TZ (as determined by axon presence in 100 m 2 domains throughout SC, grid; chart), and those that are present are near the TZ (arrowhead). E, F, In contrast, in APP KO mice, RGC axon segments have not been eliminated (arrowheads) from areas far posterior (P) to the TZ, both medial (M) and lateral (L) to it (F, bottom, section from the lateral edge of the case in B). In APP KO mice, axon segments persist in a significantly greater number of 100 m 2 domains outside of the dense TZ compared with WT (D; 69% increase, **p Ͻ 0.01; Student's t test), a defect in pruning in APP KO mice that is even more pronounced at locations more distant from the TZ (***p Ͻ 0.001; n ϭ 10 for WT and APP KO). Scale bar, 250 m.
both act cell autonomously in the refinement of RGC axon projections in the SC.
Nonadditivity of effects of loss of DR6 and APP function
The similarity in phenotypes observed with APP and DR6 knock down or knockout is consistent with APP and DR6 functioning in the same pathway, but does not prove it. A more stringent test is to examine whether simultaneous loss of both APP and DR6 function gives additive or nonadditive effects on pruning. Nonadditivity would support the model that they function in the same pathway. Additivity could still be compatible with them being in the same pathway (if, for example, there are other factors that act redundantly with both of them, such as close family members), but it could also be compatible with them being in distinct, parallel pathways. To test the effects of combined loss of function, we performed shRNA knock down of APP in a DR6 mutant background; as a control, we introduced shLacZ into the DR6 mutant. Axonal pruning was impaired to the same extent whether shAPP or shLacZ was introduced into the DR6 mutant background (Fig. 4) . Therefore, APP knock down on top of DR6 knock-out does not augment the effect of DR6 knock-out alone. This nonadditivity of loss-of-function effects supports the model that APP and DR6 function in the same pathway.
RGC pruning does not require BACE-1
Pharmacological studies suggested that APP and DR6 function in pruning of sensory axons in vitro requires cleavage of APP by ␤-secretase (BACE-1; Nikolaev et al., 2009) . To test the involvement of BACE-1 in retinocollicular pruning in vivo, we studied pruning of the retinocollicular projection in Bace-1 knock-out mice, again by electroporating a GFPencoding plasmid in the retina in utero (Fig. 5) . Unexpectedly, pruning of the retinocollicular projection was not impaired in the Bace-1 mutant: by P6, the extent of pruning in the Bace-1 knock-out was not decreased compared with that observed in wild-type animals and was in fact slightly greater (Fig. 5) . This argues against a necessary role for cleavage of APP by BACE-1 in pruning and prompted us to revisit the involvement of ␤-secretase in the degeneration of sensory axons in vitro.
APP and DR6 in sensory axon degeneration
The involvement of DR6 and APP in axon pruning in vitro was described in Fig. 7 A,B) . As shown in the diagram (top), by P8, axons have pruned back so that they now only occupy the TZ. The next two panels show representative maximum intensity projection images of GFP-positive axons within the SC at P6 in WT mice coexpressing GFP and shRNA against LacZ (shLacZ) or APP (shAPP). Note that by P6 the pruning of axons in the PSC in shLacZ is largely complete. C, Representative images of the PSC in WT mice expressing shRNA against LacZ or APP. D, Quantification of the number of GFP-positive axons in the PSC, the spread of GFP labeling along the anterior-posterior axis of the SC as an estimate of the size of the TZ, and the number of GFP-positive axons in the PSC normalized to TZ size in mice expressing shLacZ or shAPP. **p Ͻ 0.01; n/s, not significant ( p Ͼ 0.1).
the context of a model of sensory axon degeneration in response to trophic factor deprivation (Nikolaev et al., 2009 ). E13.5 mouse embryonic sensory ganglia are cultured with NGF to elicit outgrowth of TrkA ϩ sensory axons for either 2 d (shortterm cultures) or 7 d (long-term cultures), and then deprived of NGF (by its removal and the addition of a function-blocking antibody). This results in degeneration of axons in ϳ14 -18 h in short-term cultures and ϳ36 -40 h in long-term cultures; the slower degeneration in long-term cultures reflects the fact that these neurons become progressively less trophic factor dependent as they age (Simon et al., 2012) . Degeneration in both cases is caspase dependent and can be assessed by tubulin fragmentation, as visualized by staining for ␤III tubulin (Tuj1; Simon et al., 2012) . In what follows, we focus on the long-term (7 d) cultures, because the slower rate of degeneration makes it possible to test for even small protective effects.
To provide a baseline for genetic analysis of ␤-secretase activity in vitro, we performed genetic analysis of DR6 and APP knockout neurons in culture. For both DR6 and APP knock-outs, sensory neurons from E13.5 mutant and wild-type littermates were cultured for 7 d with NGF and then deprived of it. Genetic deletion of either DR6 or APP partially protects against degeneration of sensory axons in culture (Fig. 6A-D) . In each case, the protective effect was significant but modest, for example, when compared with the effects of Caspase-3 knock-out (Simon et al., 2012). However, it should be noted that the five-point degeneration index used for quantification leads to a compression of values, so that the magnitude of protection is not as well captured by the quantification (Fig. 6C,D) as it is by visual inspection (Fig.  6 A, B) . The fact that protection is only partial indicates the operation of additional mechanisms that regulate degeneration in these axons, consistent with the partial protection of RGC axons in vivo in the APP and DR6 knock-outs.
Interestingly, protective effects were not as great as reported in studies with function-blocking antibodies: monoclonal antibody 3F4 to DR6 (anti-DR6.1) and polyclonal antibody anti-N-APP (Thermo Fisher) to the N-terminal portion of APP, which were used previously (Nikolaev et al., 2009) , protect axons to a greater extent than do genetic deletion of DR6 or APP (Fig. 6C-E ). In the prior study (Nikolaev et al., 2009) , it was observed in a head-tohead comparison in compartmented (Campenot) chambers that DR6 knock-out protected axons to a similar extent as anti-DR6.1, but in the more extensive analysis here, we observed systematically greater protection with the antibody. Importantly-and unexpectedly-we found that protection afforded by anti-DR6.1 persisted in DR6 knock-out cultures and protection from anti-N-APP persisted in APP knock-out cultures (Fig. 6C-E) , indicating that strong protection by the antibodies results from off-target actions. At least for anti-N-APP, this might relate to the recent report that multiple anti-APP antibodies label axons nonspecifically; that is, that labeling by immunohistochemistry is maintained even when APP is genetically deleted (Guo et al., 2012) , which we found is also true for the anti-N-APP antibody used here (data not shown). Moreover, one batch of control IgG (IgG2) also provided a modest but significant protective effect, whereas another (IgG1) did not protect (Fig. 6E) . Further studies are necessary to determine the nature of these off-target effects, including whether engagement of Fc receptors on axons plays a role (which could explain the action of IgG2). Meanwhile, these results suggest caution when interpreting the effects of antibodies in this assay.
We next examined the involvement of ␤-secretase in sensory axon degeneration. Previously, a requirement for ␤-secretase in . Genetic deletion of DR6 or APP, but not Bace-1, partially protects sensory axons from degeneration after NGF withdrawal in vitro. A, B, DRGs from E13.5 DR6 (A) or APP (B) KO embryos and wild-type (WT) littermates were cultured for 7 d in the presence of NGF (25 ng/ml; ϩNGF) and then deprived of NGF by exchanging culture media containing NGF with media lacking NGF and containing a function-blocking anti-NGF antibody (25 g/ml; ϪNGF). After 36 h of NGF deprivation, cultures were fixed and axon degeneration was visualized by fluorescence microscopy using an antibody against ␤III-tubulin (Tuj1). Representative images are shown for WT and KO axons cultured under various conditions. C, D, Axon degeneration was scored using a five-point scale and then normalized to the degeneration scored for WT axons under ϪNGF conditions. DRGs from DR6 (n ϭ 11; C) and APP (n ϭ 20; D) KO embryos showed partial protection from axon degeneration compared with WT littermates. E, To test the specificity of protection against axon degeneration offered by the anti-DR6 and anti-APP antibodies, antibodies were included in media at the time of NGF deprivation. Antibodies were used at 20 g/ml. The anti-DR6 (3F4) and anti-N-APP antibodies prevented axon degeneration following NGF withdrawal to a greater extent than in the knock-outs, but this enhanced protection was still observed when using DRGs from the respective DR6 or APP KO embryos. One control antibody (IgG1, 20 g/ml) had no effect on axon degeneration (n ϭ 3), but a second (IgG2, 20 g/ml) showed significant, though modest, protection (n ϭ 4). F, DRGs from E13.5 Bace-1 KO embryos and WT littermates were cultured for 7 d in presence of NGF (25 ng/ml; ϩNGF) and then deprived of NGF by exchanging culture media containing NGF with media lacking NGF and containing a function blocking anti-NGF antibody (25 g/ml; ϪNGF). G, DRGs from Bace-1 (n ϭ 12) and Bace-1/2 KO embryos (n ϭ 5) do not show any protection from degeneration. Error bars indicate SE. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; n/s, nonsignificant ( p Ͼ 0.05).
this process was suggested by the finding that three structurally distinct inhibitors of BACE-1 (OM-99, BACE inhibitor IV, and AZ29) protect axons against degeneration in response to NGF deprivation and that the IC 50 for protection by AZ29 was comparable to its K d for inhibition of BACE-1 (Nikolaev et al., 2009 ). To test involvement of BACE-1 genetically, we examined axon degeneration of sensory axons after NGF deprivation in longterm cultures from Bace-1 KO animals and compared them with those seen in cultures from wild-type mice. No significant difference in degeneration was observed (Fig. 6 F, G) . Although APP is not thought to be a substrate for BACE-2 (the other member of the ␤-secretase family), the pharmacological inhibitors also inhibit BACE-2 because of the similarity of BACE active sites. We therefore studied sensory neurons from Bace-1;Bace-2 double KO mice, but found that their axons degenerate in the same way as those from control littermates (Fig. 6G) . We confirmed that AZ29 protected axons from degeneration after NGF deprivation in wild-type sensory neurons, as described previously (Nikolaev et al., 2009 ), but observed a similar protective effect of AZ29 on sensory axons from Bace-1;Bace-2 double KO mice (mean degeneration index in the presence of AZ29: wild-type axons, 0.73 Ϯ 0.4; Bace-1;Bace-2 KO axons, 0.76 Ϯ 0.5; p Ͼ 0.1, n ϭ 5 experiments). Therefore, AZ29 produces its effect in an off-target manner, which is surprising given the dose dependence of its protective effect and its reported specificity and given that protection by small-molecule inhibitors is not commonly observed in this assay (Chen et al., 2012) . Collectively, these results also indicate that BACE-1 (and BACE-2) is not required for degeneration of sensory axons in response to trophic factor deprivation, which is consistent with the fact that Bace-1 is not required for RGC pruning in vivo.
APP-DR6 binding
The generation of an N-terminal fragment of APP after trophic deprivation in sensory axons (Nikolaev et al., 2009 ) and sympathetic axons (Vohra et al., 2010) was proposed to be dependent on ␤-secretase (Nikolaev et al., 2009) . Given the evidence that ␤-secretase activity is not required for degeneration, we revisited the biochemical (binding) and functional (prodegenerative) effects of N-APP. The prior study (Nikolaev et al., 2009) had used N-APP from two sources, commercial (Thermo Fisher) and inhouse (Genentech), which gave consistent results. However, both preparations were only partially purified and biochemical analyses revealed them to contain contaminants and aggregated material (data not shown). To guard against nonspecific effects, we set out to obtain purer and nonaggregated N-APP. As purification proceeded, we unexpectedly found that the prodegenerative effects of N-APP were lost, as was binding to the DR6 ectodomain (fused to alkaline phosphatase: DR6-AP) observed by ELISA (Fig.  7E) . One possibility is that the binding and functional effects seen with earlier material were caused by aggregates that may have accumulated during partial purification; an alternative is that a contaminant in the partially purified material contributed to activity and/or binding.
Because we consistently observe robust and reproducible binding of DR6-AP to COS-7 cells expressing full-length APP (Nikolaev et al., 2009; Fig. 7) , the lack of binding of more purified N-APP to DR6-AP suggested that the N-terminal portion of APP might not be the major mediator of the interaction. We therefore performed a more extensive structure-function analysis. COS-7 cells were transfected with expression plasmids for full-length DR6 (COS-DR6), APP (COS-APP), or the axon guidance receptor DCC as a control (COS-DCC). Cells were incubated with AP fusions to the ectodomain of DR6 (DR6-AP), the sAPP␤ fragment (depicted in Fig. 7A ) of the APP ectodomain (sAPP␤-AP), or, again as a control, the ectodomain of DCC (DCC-AP). As previously reported, we observed specific binding of DR6-AP to COS cells expressing APP, but not to cells expressing DR6 itself or DCC; in the reverse configuration, we also consistently observed specific binding of sAPP␤-AP to COS cells expressing DR6, but not APP or DCC (Fig. 7B) . In independent experiments, similar selective binding was also observed if DR6 or APP was expressed in HEK cells (data not shown). To further delineate the region of sAPP␤ that mediates binding to DR6, we created AP fusions to N-APP (N-APP-AP), to the remainder of the APP ectodomain (usually referred to as sAPP-E2), and, within sAPP-E2, to a smaller fragment lacking the linker region (sometimes referred to as C-APP; for details of domains, see Fig. 7A ). We observed binding of sAPP-E2-AP and C-APP-AP to COS cells expressing DR6 (Fig. 7C) , whereas binding was not detected with N-APP-AP in this assay (Fig. 7C) , consistent with the results using more purified N-APP. These results indicate that a more C-terminal portion of the APP ectodomain mediates binding of APP and DR6 ectodomains.
We next examined whether these binding interactions observed in a cellular context could also be detected using purified proteins. Soluble forms of sAPP␤, N-APP, and C-APP tagged with a HIS sequence, and soluble DR6-Fc and DCC-Fc (as a control) were produced and purified to apparent homogeneity (see Materials and Methods). Purified DR6-Fc or DCC-Fc was incubated with each of the three purified APP ectodomain fragments and complexes were pulled down using Protein A/G beads. Selective coimmunoprecipitation with DR6-Fc was observed only for sAPP␤-HIS or C-APP-HIS (Fig. 7D) , which is consistent with the results of the cell-binding experiments. To obtain a quantitative estimate of the strength of interactions, we used an ELISA assay in which the purified APP ectodomain fragments were individually adsorbed to the substrate, and then incubated with purified DR6-Fc. Again, high-affinity binding of DR6-Fc was readily detected to immobilized sAPP␤-HIS (EC 50 ϭ 1.4 nM) and C-APP-HIS (EC 50 ϭ 10.1 nM) but not to N-APP-HIS (Fig.  7E) . The lower affinity of binding of DR6-Fc to C-APP than to sAPP␤ could reflect involvement of other, more N-terminal, portions of the APP ectodomain beyond C-APP in binding; alternatively, it could reflect greater steric hindrance when C-APP is adsorbed to the solid substrate compared with the longer sAPP␤ fragment.
We next examined whether any of these purified soluble APP ectodomain fragments could elicit degeneration. DRG neurons were cultured for 7 d and then deprived of NGF. At that time, purified sAPP␤-HIS, C-APP-HIS, N-APP-HIS, and DR6-Fc proteins (10 g/ml) were applied and cultures were examined 30 h later, when control cultures were just beginning to degenerate. No acceleration of degeneration was observed, as assessed visually and by quantification of the degeneration index (ratio compared with control cultures: 1.0 Ϯ 0.1, 1.02 Ϯ 0.08, 0.96 Ϯ 0.11, and 1.02 Ϯ 0.09 for sAPP␤-HIS, C-APP-HIS, N-APP-HIS, and DR6-Fc, respectively; not significant, p Ͼ 0.1), extending the finding of lack of effect of fully purified N-APP. Two other degeneration paradigms were also tested (see Materials and Methods), again without detectable effects on degeneration (data not shown). It is possible that degenerative effects would require higher-order clustering of the soluble constructs, as observed for other membrane-bound ligand-receptor systems, but these results also open the possibility of alternate models for how APP and DR6 control pruning (see Discussion). ( Fig. 5) . It is interesting that DR6 is also a ␤-secretase substrate (Hemming et al., 2009) , so cleavage of DR6 could similarly reduce its prodegenerative actions, again potentially explaining why pruning was enhanced in the Bace-1 knock-out. Given the high-affinity biochemical interaction between APP and DR6 ectodomains and the fact that they function in the same pathway, it is reasonable to assume that their direct physical interaction contributes to their actions. That possibility is nonetheless potentially consistent with multiple models, especially if the active species are uncleaved APP and DR6. For example, APP could function as a ligand for DR6 in cis in the cell membrane to trigger degeneration. Alternatively, the interaction could occur in reverse, with DR6 being a ligand that binds APP, which acts as a receptor to trigger degeneration. It is also possible that APP and DR6 form a coreceptor complex that responds to a separate ligand or activation mechanism. The fact that we did not observe prodegenerative effects of the soluble APP ectodomain or its fragments when fully purified (see Results) might be taken to provide support for the latter possibility. However, if uncleaved APP is normally the molecular species that regulates pruning, it is also possible that soluble fragments might not be effective in activation unless they are clustered in higher-order complexes than those tested here (as observed, for example, for activation of Eph receptors by soluble forms of their membrane-tethered ligands, which only activate their cognate receptors when highly clustered; Schaupp et al., 2014) . Finally, even though APP and DR6 function in the same pathway, we cannot exclude that their highaffinity biochemical interaction might not be necessary for their function in pruning. Further studies are thus required to distinguish these and other possible models for how APP and DR6 contribute to axon degeneration and to determine the full extent of APP and DR6 involvement in developmental axon pruning throughout the nervous system.
